The reversible capture of water vapor at low humidity can enable transformative applications such as atmospheric water harvesting and heat transfer that uses water as a refrigerant, replacing environmentally detrimental hydro-and chloro-fluorocarbons. The driving force for these applications is governed by the relative humidity at which the pores of a porous material fill with water. Here, we demonstrate modulation of the onset of pore-filling in a family of metal−organic frameworks with record water sorption capacities by employing anion exchange. Unexpectedly, the replacement of the structural bridging Cl − with the more hydrophilic anions F − and OH − does not induce porefilling at lower relative humidity, whereas the introduction of the larger Br − results in a substantial shift toward lower relative humidity. We rationalize these results in terms of pore size modifications as well as the water hydrogen bonding structure based on detailed infrared spectroscopic measurements. Fundamentally, our data suggest that, in the presence of strong nucleation sites, the thermodynamic favorability of water pore-filling depends more strongly on the pore diameter and the interface between water in the center of the pore and water bound to the pore walls than the hydrophilicity of the pore wall itself. On the basis of these results, we report two materials that exhibit record water uptake capacities in their respective humidity regions and extended stability over 400 water adsorption−desorption cycles.
■ INTRODUCTION
The capture of water vapor at low relative humidity (0−40% RH) can be used to drive heat transfer, 1−8 to trap atmospheric water vapor, 2,9−13 or for dehumidification. 14−18 Recent advancements in the design of porous materials for these applications have moved next-generation water sorbents closer to applicability, 2, 4, 13, 15, 16 but methods to precisely control the hydrophilicity of a sorbent are still needed. Complicating sorbent design, the mechanism of water uptake at low relative humidity remains incompletely understood due to the complex nature of the water phase-change process as well as the difficulty of accurately simulating the properties of water. 19, 20 In order to achieve maximum thermal efficiency, a porous material should have a high capacity for water and should adsorb water reversibly and in a stepwise fashion at a precise RH. 21 Additionally, although nontrivial, it is highly desirable to have synthetic control over the position (% RH) of the water uptake step. 22−24 The % RH whereupon a pore fills with water determines the driving force for heat transfer and, concomitantly, the temperature required to release water from the sorbent: more hydrophilic sorbents are capable of creating greater temperature gradients but also require more energy to cycle back to the dry state. 21 In the case of atmospheric water capture, the % RH of the uptake step determines the applicable climatic region. 11, 13 Outside the confines of a porous material, water condensation occurs at 100% RH. In porous materials, water begins to occupy the voids at lower RH with decreasing pore diameter, 25 and complete saturation occurs near 0% RH in some cases. 1, 26, 27 Additionally, the hydrophilicity of the pore interior, modifiable via ligand functionalization, 23, 24, 28 cation exchange, 22 as well as exchange of supporting ligands, 29 plays a role in determining the RH at which the pore will fill. These empirical design rules have guided the development of sorbents with impressive performance, even though the underlying hydrogen bonding structure of water in confined pores, which undoubtedly influences the position of the pore filling step, remains unclear. Indeed, water in confinement and along interfaces can have properties very different from that of bulk water, as the pore structure or interface itself impose restrictions on the complex hydrogen bonding structures. 30, 31 Metal−organic frameworks (MOFs) provide an ideal platform for interrogating the hydrogen bonding structure of confined water because their modular nature allows for tuning of the pore size, metal ion, and hydrophilicity without altering the overall framework topology. 32 In addition to precisely controlling the water uptake step position, the stability of water sorbents is also of paramount importance because applications for water harvesting or heat transfer will require active materials capable of undergoing thousands of adsorption cycles. This is an important practical consideration that only rarely is addressed in the academic literature. 
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Article Recently, we reported a MOF that captures record quantities of water in the humidity region relevant for many applications. 2 The water uptake capacity in this material is optimized: because the pore size is at the "critical diameter" 25, 34 for water capillary condensation during porefilling, its high water capacity is completely reversible, without appreciable hysteresis. This minimizes the energy input required for cycling between the hydrated and dry states. The champion material, synthesized from the ligand bis(1H-1,2,3-triazolo [4,5-b] ,[4′,5′-i])dibenzo [1, 4] Figure 1 ). These anion metathesis manipulations modulate hydrogen bonding interactions between water and the pore wall, resulting in stark differences in water uptake at low RH for the different anion-containing MOFs. Fundamentally, these structural perturbations provide a platform to investigate the hydrogen-bonding structure of confined and interfacial water during the pore-filling process by diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS). Beyond tuning the hydrophilicity, the series of halogens modulates the pore size of the respective MOFs in a nonintuitive way, with the larger bromide yielding the shortest a and b cell parameters. This subtle variation leads to critical changes in the hydrogen bonding structure of water within the pore. Consequently, pore filling occurs at substantially lower relative humidity (RH) in Ni 2 Br 2 BTDD. This is counterintuitive because below 5% RH the bromide derivative is the least hydrophilic. Importantly, the introduction of bromide maintains exceptional water stability, with negligible loss of capacity after 400 adsorption cycles. These systematic synthetic variations further our fundamental understanding of water in confinement and provide a promising new adsorbent with record water capacity at low (<25%) RH and excellent long-term stability. , in line with those of the previously reported Co, Distances are in Å; N 1 is the central triazolate nitrogen.
■ RESULTS AND DISCUSSION
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Article Mn, and Cu analogues ( Figure 2A) . 36 Rietveld refinement of high-resolution synchrotron PXRD data provides the first experimental crystal structure of this material, confirming a hexagonal space group with unit cell parameters a = b = 38.5282(5) Å, c = 8.1888(1) Å ( Figure S9 .1). Accompanying the increased BET surface area is a significantly larger water uptake capacity at 25°C of 1.07 g g −1 (Figure 3 ), an over 40% improvement over the value reported previously for this material. 2 This capacity is the highest reported for materials with α (defined as the % RH at which half of the total uptake is reached) below 35% RH. Importantly, Ni 2 Cl 2 BTDD adsorbs water reversibly, that is, without hysteresis. As expected due to the greater inertness of Ni 2+ relative to Co 2+ , 35 extended pressure-swing cycling revealed remarkable stability for Ni 2 Cl 2 BTDD, which maintains 98% of its original water uptake capacity by weight (wt %) after 400 cycles ( Figure 4A ), with negligible changes in crystallinity or N 2 uptake after water cycling (Figures S3.1 and S4.1). In contrast, the uptake capacity of Co 2 Cl 2 BTDD decays by 6.3% over 30 cycles, with no clear plateau in the decay rate. 2 These data further reinforce the concept of using inert metal ions to enhance framework chemical stability. 37 Anion-Exchanged Variants of Ni 2 Cl 2 BTDD. Inspired by a recent report of anion exchange to replace the original Cl − by OH − in structurally related materials, 38 we reasoned that the introduction of bridging anions such as OH − and F − , which could provide hydrogen bonding interactions for water, should create a more hydrophilic pore environment that would induce pore filling at lower RH. Soaking Ni 2 Cl 2 BTDD in a dilute aqueous solution of KOH yielded a crystalline material with undetectable chloride according to energy-dispersive X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy As expected, a water isotherm for Ni 2 (OH) 2 BTDD reveals greater initial hydrophilicity, with increased water uptake before 5% RH. However, after 5% RH, the hydroxide material exhibits a decreased water capacity compared with the chloride analogue. Moreover, the OH − material has a greatly reduced uptake step in the pore-filling region (Figures 3 and S10.1) and exhibits an irreversible desorption isotherm, along with a steep decline in capacity upon cycling beyond the initial cycle ( Figure S7.1) . Although PXRD demonstrated that at least some of the sample maintains crystallinity ( Figure S3 .2) upon water exposure, a N 2 isotherm revealed significantly reduced pore volume and a decreased BET area of 980 m 2 g −1 for Ni 2 (OH) 2 BTDD ( Figure S4.2 ).
An alternative path toward increasing framework-water hydrogen bonding is the exchange of Cl − by F − . Because of its reduced basicity compared to OH − , F − may disfavor proton transfer from guest water molecules, which in the case of Ni 2 (OH) 2 Figures 2C,D, S5 .1, and S5.2). The precise F:Cl ratio was determined by treating the fluoride-exchanged sample with trimethylsilyl bromide (TMSBr), which produces quantitatively the bromide-exchanged , which is essentially identical to that of the hydroxide analogue (Figure 2A) , whereas TGA indicates substantial mass loss around 200°C ( Figure 2B) Figure S10.1) . We expected that this increased water uptake at low RH would induce the pore-filling step to occur at a lower vapor pressure. Interestingly, this is not the case, and pore-filling step occurs at almost exactly the same relative humidity, 32% RH, in the fluoride-exchanged material as in the parent chloride analogue (Figure 3 ). Less encouragingly, even though Ni 2 F 0.83 Cl 0.17 BTDD largely retains its porosity ( Figure S4.3) , PXRD reveals the emergence of a broad new peak around 2θ = 7°, indicating partial amorphization ( Figure S3.4) , and a water cycling experiment indicates rapid decline in capacity after the initial cycle ( Figure  S7 .2).
Close inspection of the structural parameters of the anionexchanged MOFs revealed a surprise expansion of the a, b parameters from 38.5282(5) Å for Ni 2 Cl 2 BTDD to 38.6092(5) Å upon fluoride exchange, despite the expected contraction of the c parameter upon replacing the larger Cl − with F − (Table  1) . Computational optimization of the two idealized, fully exchanged fluoride and chloride structures by density functional theory (DFT) confirmed this unexpected trend and further predicted that the bromide-exchanged analogue, Ni 2 Br 2 BTDD, should have an even narrower pore due to a further reduction of a and b by at least 0.1 Å relative to Ni 2 Cl 2 BTDD (Table 1) . Furthermore, owing to its larger covalent radius, Br − should protrude into the pore to a greater extent than any of the other anions, further narrowing the pore diameter and potentially leading to water uptake at lower RH due to increased confinement.
Although Figures 2C,D and S5.3 ). Rietveld refinement of a PXRD pattern of Ni 2 Br 2 BTDD ( Figure S9. 3) revealed the predicted contraction of the a, b parameters to 38.4250(2), in excellent agreement with the DFT calculations ( Table 1) . The BET surface area of the Br material is 1467 m 2 g −1 ( Figure  2A) . A BET area of 1530 m 2 g −1 is reasonable considering the 1.2 times greater molecular weight of the Br MOF versus the Cl material. Pore size distribution analysis of the N 2 adsorption isotherm reveals a small but significant reduction of the accessible pore diameter in Ni 2 Br 2 BTDD, from 2.3 nm in the Cl and F materials to 2.2 nm in the Br material (Figure 2A ). 
Article Indeed, relatively small variations in accessible pore diameters induce large shifts in the % RH where water sorption occurs: isostructural MOFs with a pore size of 1.3 nm exhibit a porefilling step near 0% RH. 1 Despite the seemingly small reduction in pore diameter, a water isotherm for Ni 2 Br 2 BTDD material indicates that the pore-filling step shifts substantially, from 32% RH at 25°C for the Cl − and F − derivatives to 24% RH for the Br − analogue ( Figure 3A) . As a consequence, Ni 2 Br 2 BTDD adsorbs a record 64% water by weight below 25% RH, a humidity value that is within the relevant range for many applications in heat transfer and atmospheric water capture. 21, 41 Notably, the total volumetric water uptake at 95% RH for Ni 2 Br 2 BTDD ( Figure  3B ) is only 15% lower than that of the chloride parent material. In the very low humidity region (below 15% RH), where hydrogen bonding interactions with the framework are expected to dominate, the water uptake for Ni 2 Br 2 BTDD is expectedly lower than that for either the chloride or fluoride analogues, which presumably establish stronger hydrogen bonding interactions with the first water molecules entering the pores (Figure S10 , corresponds to a nearly "free" water molecule, that is, without hydrogen bonding interactions. 42 This environment is assigned to water bound initially to the Ni 2+ open coordination sites. The next two lower energy bands, near 3500 and 3300 cm −1 , are commonly seen in IR spectra of liquid water as well as ice and are assigned to liquid-like water with one donor and one acceptor ("DA", 3545 cm −1 ) and tetrahedral, ice-like water with two donors and two acceptors ("DDAA", 3275 cm −1 ), respectively. Liquid water contains these two components at roughly a 4:3 ratio at 25°C. 43, 44 The band at 3120 is also more commonly associated with ice and is a convolution of water with one H atom donor and two O atom acceptors as well as the coupling between the O−H stretch fundamental and the HOH bend overtone. 45 Ni 2 (OH) 2 BTDD exhibits a very broad O−H stretching region, which expands at low frequency down to 2600 cm −1 ( Figure 5A ). Such broad bands are commonly associated with charge transfer, 46, 47 presumably occurring in this case as proton transfer from adsorbed water to bridging hydroxide, to form a bridging water and a free hydroxide in the pore. We postulate that this charge transfer mechanism revealed by IR spectroscopy allows for ligand exchange and that this lability at the bridging positions results in pore collapse with the hydroxide-exchanged MOF.
In comparison with the chloride and bromide analogues, the fluoride-exchanged material exhibits a much greater signal intensity in the ice-like "DDAA" frequency region, particularly at low RH. For instance, at 5% RH, the region at 3275 cm −1 is much greater in intensity than the feature at 3545 cm −1 ( Figure  5B ). As RH increases to 8%, the "DDAA" region grows further, but ramping up the RH to 30% causes this region to decline in intensity, with concomitant emergence of the liquid-like "DA" region, which steadily increases until it is approximately equal in intensity with the "DDAA" region at 30% RH. The overall intensity of the whole O−H stretching region changes little from 5% RH to 30% RH, in agreement with the plateau in water uptake observed in this RH range in the water adsorption isotherm (Figure 3) . From this data, we conclude that the ice-like water present at low RH in the Ni 2 F 0.83 Cl 0.17 BTDD material does not promote further porefilling. Whereas the ice-like water has a saturated tetrahedral network of H-bonding interactions, the liquid-like "DA" water has donor and acceptor sites available to interact with further water molecules. Water in this liquid-like environment, with sites available to H-bond with incoming water molecules, is not initially favored in the fluoride material and only grows in at higher RH.
In contrast to the fluoride-exchanged material, the liquid-like "DA" and the ice-like "DDAA" signals in Ni 2 Br 2 BTDD become approximately equal in intensity at much lower RH (∼15%), 
Article whereupon the pore begins to fill ( Figure 5D ). In comparison, Ni 2 Cl 2 BTDD requires ∼25% RH for the intensity of the liquidlike "DA" signal to exceed that of the ice-like "DDAA" water ( Figure 5C ). Put another way, the bromide MOF has the least rigid hydrogen bonding network at low relative humidity. The emerging fundamental insight is that, in order for the pore to fill with water, there must be a sufficient concentration of water molecules with unsaturated hydrogen bonding environments to attract more water. These data implicate the hydrogenbonding interface between water initially adsorbed at strong binding sites and incoming water in the center of the pore as a determining factor in the thermodynamic favorability of porefilling at a given RH. The importance of this interfacial water− central water interface versus the interface between the pore wall and the interfacial water was not previously understood and may be related to the reduction in pore diameter below the "critical diameter" prior to the pore-filling step by preadsorbed water, which makes the water adsorption process in these materials reversible and without hysteresis. Figure S3 .5) and its initial water capacity of 65 wt % after 400 cycles (Figure 4) , similar to the parent chloride material. The superlative stability of Ni 2 Cl 2 BTDD and Ni 2 Br 2 BTDD prompted us to further investigate these materials for applications in heat transfer. Variable temperature water isotherms ( Figure 6A ) were employed to confirm the applicability of a characteristic curve ( Figure 6B ), which converts the two independent variables governing uptake (temperature and pressure) into a single parameter, A, related to the Gibbs free energy. 3, 5, 21 On the basis of the overlapping positions of the uptake step in the characteristic curve, this method can be used to calculate loadings at other temperatures and pressures relevant for heat transfer applications. Using the variable temperature water isotherms, the heat of adsorption for water in both chloride and bromide derivatives is approximately −57 kJ mol −1 at zero coverage ( Figure S10 .2). On the basis of the characteristic curve, for applications in heat transfer, the Cl − material can achieve a 19°C temperature lift (the temperature difference between the environment and the output of a heat pump), with a requirement for thermal regeneration at approximately 53°C. In contrast, the Br − material can achieve a 24°C temperature lift and requires heating to 58°C for regeneration. To our knowledge, each of these materials exhibits a record water capacity, measured either volumetrically or gravimetrically, compared to sorbents capable of equivalent respective temperature lifts (Tables 2 and  3 ).
■ CONCLUSIONS
Ni 2 Cl 2 BTDD is a strong candidate for water sorption applications, with a record reversible water uptake below 32% relative humidity. Because of the inertness of Ni 2+ , it exhibits exceptional stability toward water cycling, in excess of that previously reported for the analogous Co 2+ material. Introduction of anions with greater potential for hydrogen bonding interactions, such as F − or OH − , did not lead to shifts in the water uptake step profile toward lower RH, though these anions did promote increased water adsorption at very low RH. These results indicate that, as long as nucleation sites exist for water, further increasing the pore wall hydrophilicity does not change the position of the water uptake step. Contraction of the accessible pore diameter by just 0.1 nm as well as modification of the polarity of initially adsorbed H 2 O by the introduction of Br − results in a pore-filling step at lower RH by 8%. The resulting Ni 2 Br 2 BTDD material has the greatest capacity, measured gravimetrically or volumetrically, of any material below 25% RH. The capacity of 0.64 g of water per g −1 of MOF achieved below 25% RH is a new record in this partial pressure region relevant for many applications in heat transfer and atmospheric water generation, which represents a large leap forward achieved via precise pore size control and polarity modification not possible in other materials. 
